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(57) ABSTRACT

A differential-mode charge transfer amplifier receives a
differential input voltage and produces a proportional dif-
ferential output voltage. The amplifier includes two CMOS
charge transfer amplifiers. The two CMOS charge transfer
amplifier share two charge transfer capacitors such that the
CMOS charge transfer amplifiers are mirrored about the
capacitors. The positive charge transfer capacitor terminal
(i.c., the terminal that is precharged to a high voltage) of one
CMOS charge transfer amplifier 1s capacitively coupled to
the negative charge transfer capacitor terminal (i.e., the
terminal that is precharged to a low voltage) of the other
CMOS charge transfer amplifier. In addition, the negative
charge transfer capacitor terminal of one CMOS charge
transfer amplifier 1s capacitively coupled to the positive
terminal of the other CMOS charge transfer amplifier. The
amplifier has a significantly increased common-mode
rejection, significantly reduced voltage amplification error,
and an 1ncreased linearity range.

14 Claims, 6 Drawing Sheets
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DIFFERENTIAL-MODE CHARGE
TRANSFER AMPLIFIER

BACKGROUND OF THE INVENTION

1. The Field of the Invention

The present invention relates to systems and methods for
amplifying electrical signals. More specifically, the present
invention relates to systems and methods for performing
amplification by charge transfer.

2. The Prior State of the Art

There are many circuits and methods conventionally
available for amplifying an electrical signal. One type of
amplifier 1s called a charge transfer amplifier. Charge trans-
fer amplifiers operate on the principle of capacitive charge
sharing. Voltage amplification 1s achieved by transferring a
specilic amount of charge between appropriately sized
capacitors through an active device.

FIG. 1 illustrates a charge transfer amplifier 100 that
utilizes an nMOS ftransistor N1 to transfer charge between
capacitors CT and CO. The operation of the nMOS charge
transfer amplifier 100 will now be described 1 order to
1llustrate the basic principle of charge transfer amplification.

The nMOS charge transfer amplifier 100 operates 1 a
cycle of three phases including a reset phase, a precharge
phase, and an amplify phase. FIG. 2 1s a signal timing
diagram for two 1nput signals S; and S, with respect to the
cycle phase that the nMOS charge transfer amplifier 100 1s
operating in whether that phase be (a) the reset phase, (b) the
precharge phase or (c¢) the amplify phase. The two input

signals S, and S, control corresponding switches S1 and S2
of FIG. 1.

The cycle begins with the (a) reset phase in which the
signal S; 1s high indicating that the switch S1 1s closed, and
in which the signal S, 1s low indicating that the switch S2 1s
open. Since the switch S1 1s closed, the upper terminal of
capacitor CT (i.e., node A) is discharged through the switch
S1 to voltage Vss whﬂe the switch S2 1s open thus 1solating
the nMOS transistor N1 as well as node B and the upper
terminal of capacitor CO from the precharge voltage V.,
thereby preventing static current flow through the nMOS
transistor N1.

After the reset phase is the (b) precharge phase in which
the signal S, 1s low 1ndicating that switch S1 1s open, and 1n
which the signal S, 1s high indicating that the switch S2 is
closed. Thus, the upper terminal of the capacitor CO (i.e.,
node B) is charged to the precharge voltage Vpp. This
precharge voltage V5, 1s high enough that current flows
from node B to the capacitor CT (and node A) through the
nMOS transistor N1. For example, 1f the precharge voltage
Vop 1s at least equal to the input voltage V,,, at the gate of
the nMOS ftransistor N1, then the discharge continues until
the voltage at the capacitor CT increases to be equal to the
input voltage V,, minus the threshold voltage (hereinafter
“V.,. ) of the nMOS transistor N1. At that point, the nMOS
transistor N1 enters the cutofl region and current flow to the
capacitor C,. substantially ceases. Thus, at the end of the
precharge phase, the capacitor CO 1deally has a voltage of
V.~ while the capacitor CT has a voltage of V.-V ...

After the precharge phase is the (¢) amplify phase in
which both signals S, and S, are low indicating that both
switches S1 and S2 are open. During the amplify phase, an
incrementally positive input voltage change AV,,; at the gate
of the nMOS transistor N1 will cause the nMOS transistor
N1 to turn on thereby allowing current to flow through the
nMOS ftransistor N1 until the nMOS ftransistor 1s again
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2

cutoff. For small incrementally positive voltage changes
AV .., the nMOS transistor N1 will cutoff when the voltage
on upper terminal of the capacitor CT (i.e., node A) increases
by the incrementally positive voltage change AV,.. The
amount of charge transferred to the capacitor CT 1n order to
produce this effect 1s equal to the incrementally positive
voltage change AV ,,, times the capacitance C of the capaci-

tor C1.

Since the charge AV, ,xC transferred to the capacitor CT
came from node B through transistor N1, the charge AV,,,x
C, was drawn from the capacitor CO. Thus, the voltage at
the capacitor CO and the output voltage V ,,,- will change
by AV x(CC,). If the capacitance C is greater than the
capacitance C,, amplification occurs.

One advantage of the nMOS charge transfer amplifier 100
1s that the voltage gain and power consumption may be
controlled by setting the capacitance of the capacitors CO
and CT as well as by setting the capacitance ratio C,/C,.

Another advantage of charge transfer amplifiers 1n general
1s that the circuit performance 1s generally unafiected by the
absolute values of the supply voltage Vss and Vdd as long
as these voltages permit proper biasing during the reset and
precharge phases. In other words, charge transfer amplifiers
have high supply voltage scalability in that no changes are
needed for a charge transfer amplifier to operate using a
wide range of supply voltages Vss and Vdd.

Although the nMOS charge transfer amplifier 100 has
these advantages, there are at least two disadvantages to
amplitying using the nMOS charge transfer amplifier 100.

First, amplification only occurs if the mnput gate voltage
change AV,, 1s positive. A negative gate voltage change
AV ... would only cause the nMOS transistor N1 to enter
deeper 1nto the cutoff region. Thus, charge transfer between
node A and node B would be stifled thereby preventing
amplification.

Second, leakage currents inherent in transistor N1 waill
alter the expected zero-bias (i.€., no input signal) conditions
on capacitors CT and CO during the amplify phase. This
leakage current may be caused by current undesirably leak-
ing from the source/drain diffusion regions of the nMOS
transistor N1 into the substrate 1n which they are formed.
[eakage current may also be caused by current flowing
between the source and drain terminals of the nMOS tran-
sistor N1 even though the nMOS transistor N1 1s substan-
tially cutoff. Either way, this leakage current effectively
produces a Voltage eIror Vo nnor at the output terminal that
introduces amplification error. The voltage error Viopnor
becomes very large over time and 1s highly affected by
temperature conditions. Instead of 1deally producing a pro-
portionally amplified output voltage V- according to the
formula V ,,,7=AV \x(C;/C,), the amplifier would produce
an output voltage V., with an error factor according to the
formula V,,-=AV x(C/C)-Vrrror-

FIG. 3 shows a conventional CMOS charge transfer
amplifier 300 that substantially overcomes the above-
described limitations of the nMOS charge transfer amplifier
100. The CMOS charge transfer amplifier 300 includes the
nMOS charge transfer amplifier 100 described above. For
clarity, the nMOS charge transfer amplifier 100 1s shown 1n
FIG. 3 as being enclosed by a dotted box. The CMOS charge
transfer amplifier 300 also includes a partially overlapping
pMOS charge transfer amplifier 301 which i1s shown 1n FIG.
3 enclosed by a dashed box for clarity. The pMOS charge
transter amplifier 301 shares the voltage mput line 302, the
voltage output line 303 and the precharge line 304 with the

nMOS charge transfer amplifier 100. The pMOS charge




US 6,249,181 B1

3

transfer amplifier 301 1s structured similar to the nMOS
charge transter amplifier 100 except that the pMOS charge
transfer amplifier 301 uses a pMOS transistor P1 instead of
an nMOS ftransistor N1 for transferring charge between

capacitors. Also, node A' of the pMOS charge transfer
amplifier 301 1s reset to a high voltage Vdd instead of the
low voltage Vss and 1s capacitively coupled to the high
voltage Vdd instead of the low voltage Vss.

The general operation of the pMOS charge transfer ampli-
fier 301 for negative mput voltage changes AV,,; 1s stmilar
to the operation of the nMOS charge transter amplifier 100
for positive voltage changes AV,,.. Thus, the input signals S,
and S, of FIG. 2 are used in the operation of the CMOS
charge transfer amplifier 300. Due to the complementary
nature of the nMOS charge transfer amplifier 100 and the
pMOS charge transfer amplifier 301, the CMOS charge
transter amplifier 300 amplifies for both positive and nega-
five input voltage changes AV, thereby overcoming one of
the two described limitations of the nMOS charge transfer
amplifier 100. Furthermore, the offset voltage V ,rror7 may
be minimized by sizing the nMOS ftransistor N1 and the
pMOS ftransistor P1 so that the leakage currents match
closely. While the match 1s never perfect or even predictable,
the overall voltage error 1s usually lowered relative to the
voltage error of the nMOS charge transter amplifier 100
alone.

While the voltage error 1s improved by the addition of a
complementary pMOS charge transter amplifier 301 to the
nMOS charge transfer amplifier 100, the voltage error 1s still
too large to permit use with precision applications. This 1s
due to the difficulty 1n sizing the transistors N1 and P1 to
match leakage currents and due to the different rates of
leakage current fluctuation 1n nMOS and pMOS transistors
with changes 1n ambient temperature and sampling fre-
quency. Recent constructions of the CMOS charge transfer
amplifier 300 have shown voltage error of several millivolts
depending on the ambient temperature and the clock speed.

As an additional disadvantage, the CMOS charge transfer
amplifier 300 1s single-ended and thus suffers from high
common-mode noise. Common-mode noise 1s the amount of
cffect caused at the output terminal by the voltages at the
input terminals changing together.

It would, therefore, represent an advancement 1n the art to
create a charge transfer amplifier 1n which the offset voltage
due to leakage current i1s reduced and 1n which common-
mode rejection 1s increased. It would represent yet a further
advancement 1n the art 1f such a configuration maintained
the appeal of low power operation and accurate gain control
in the presence of device parameter and temperature varia-
tions. It would represent yet a further advancement 1n the art
if such a configuration maintained the appeal of high supply
voltage scalability.

SUMMARY AND OBIJECTS OF THE
INVENTION

The foregoing problems 1n the prior state of the art have
been successtully overcome by the present invention, which
1s directed to a differential-mode charge transter amplifier.
The differential-mode charge transfer amplifier receives a
differential input voltage and produces a differential output
voltage that 1s substantially proportional to the differential
input voltage. The present invention may be used, for
example, 1n the preamplifier stage coupling to a dynamic
latch to form an efficient voltage comparator. However, the
present mvention 1s robust enough to be used in any appli-
cation where high precision differential-mode amplification
1s desired.
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The differential-mode charge transfer amplifier includes
two CMOS charge transfer amplifiers. CMOS charge trans-
fer amplifiers typically each include two charge transfer
capacitors, one for capacitively coupling to a high voltage
source, and one for capacitively coupling to a low voltage
source. In the present invention, the two CMOS charge
transfer amplifiers share two charge transfer capacitors such
that the CMOS charge transfer amplifiers are mirrored about
the capacitors. For example, the positive charge transfer
capacitor terminal (i.e., the terminal that is precharged to a
high voltage) of one CMOS charge transfer amplifier is
capacitively coupled to the negative charge transfer capaci-
tor terminal (i.e., the terminal that is precharged to a low
voltage) of the other CMOS charge transfer amplifier. In
addition, the negative charge transfer capacitor terminal of
one CMOS charge transfer amplifier 1s capacitively coupled
to the positive terminal of the other CMOS charge transfer
amplifier.

The differential-mode charge transfer amplifier operates
cyclically with each cycle having three phases; a reset phase,
a precharge phase, and an amplify phase. The cycle begins
with the reset phase in which a low voltage 1s applied to the
negative charge transfer capacitor terminals of each of the
CMOS charge transfer amplifiers. Furthermore, a high volt-
age 15 asserted at the positive charge transier capacitor
terminal of each of the CMOS charge transfer amplifiers.
The low voltage (and the high Voltage) should be sufficiently
low (and high) such that memory is prevented from one
cycle to the next.

In the precharge phase, a precharge voltage 1s asserted at
both output terminals. The precharge voltage should be
sufficient such that current flows from the positive charge
transfer capacitor terminal, through the corresponding
pMOS ftransistor to the corresponding output terminal, and
such that current flows from each output terminal through a
corresponding nMOS transistor to a corresponding negative
charge transfer capacitor terminal.

During amplification, a differential 1nput voltage 1s
applied between the mput terminals. This causes a differen-
tial output voltage to be produced between the output
terminals as described 1n the following detailed description.

The present invention has several advantages 1n addition
to providing good differential voltage gain. The differential-
mode charge transfer amplifier also has large common-mode
rejection since like devices (e.g., nMOS transistors, pMOS
transistors, switches, capacitors, and so forth) from one
CMOS charge transfer amplifier are differentially matched

to like devices from the other CMOS charge transfer ampli-
fier.

Furthermore, the amplifier has a significantly reduced
voltage error for a wide range of ambient temperatures. This
1s accomplished since like devices typically have similar
leakage current characteristics at a given temperature. Since
like devices of one CMOS charge transfer amplifier are
differentially matched to like devices of the other CMOS
charge transfer amplifier, the leakage currents substantially
cancel out.

While the differential-mode charge transfer amplifier
climinates a significant dependence upon exact MOSFET
device parameters such as threshold voltage, matching
parameters may play an important role 1n the performance at
high speeds where the MOSFET transistors may not enter
the cutoll region during the precharge phase before ampli-
fication begins. Thus, for high-speed applications, the MOS-
FET device parameters of a device should closely match that
of the correspondingly matched device.
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An additional advantage of the present invention arises
out of the special connections of the charge transfer capaci-
tors dynamically coupling signals of interest between ampli-
fier signal paths. Accordingly, the charge transfer operation
1s now essentially processed by two charge transfer ampli-
fiers. This parallel signal path speeds up the charge transfer
process and therefore allows faster sampling rates without a
loss 1n gain or accuracy.

The differential-mode charge amplifier 1s much ditferent
that two CMOS charge transfer amplifiers running
independently, but 1n parallel. In parallel CMOS charge
amplifiers, one 1nput terminal from each CMOS charge

transfer amplifier would comprise the two differential input
terminals and one output terminal from each CMOS charge
transfer amplifier would comprise the two differential output
terminals. In all other respects, the CMOS charge transfer
amplifiers would run independently. In contrast, the
differential-mode charge transfer amplifier of the present
invention utilizes two modilied CMOS charge transfer
amplifiers that interact with each other.

An advantage of the differential-mode charge transter
amplifier over the CMOS charge transfer amplifier, or even
a pair of independently running parallel CMOS charge
transfer amplifiers, 1s an increased range of input linearity
due to its enhanced differential mode operation. Rather than
produce a wide voltage swing at one output terminal in
response to an input signal, the differential-mode charge
transfer amplifier shares the voltage swing approximately
half and half between the two output terminals. This gives
the differential-mode charge transfer amplifier a significant
advantage as a discrete-time analog signal amplifier.

Additional objects and advantages of the mvention will be
set forth 1 the description which follows, and 1n part will be
obvious from the description, or may be learned by the
practice of the invention. The objects and advantages of the
invention may be realized and obtained by means of the
instruments and combinations particularly pointed out in the
appended claims. These and other objects and features of the
present invention will become more fully apparent from the
following description and appended claims, or may be
learned by the practice of the invention as set forth herein-
after.

BRIEF DESCRIPTION OF THE DRAWINGS

In order that the manner 1n which the above-recited and
other advantages of the invention are obtained, a more
particular description of the mvention briefly described
above will be rendered by reference to specific embodiments
thereof which are illustrated 1n the appended drawings.
Understanding that these drawings depict only typical
embodiments of the invention and are not therefore to be
considered limiting of its scope, the invention will be
described and explained with additional specificity and
detail through the use of the accompanying drawings in

which:

FIG. 1 1s a circuit diagram of a conventional nMOS
charge transfer amplifier;

FIG. 2 1s a timing diagram of several waveforms used to

operate switches S1 and S2 1n order to properly operate the
nMOS charge transfer amplifier of FIG. 1, and the CMOS
charge transter amplifier of FIG. 3;

FIG. 3 1s a circuit diagram of a conventional CMOS
charge transfer amplifier;

FIG. 4 1s a circuit diagram of a differential-mode charge
transfer amplifier 1n accordance with the present invention;

FIG. 5 1s a flowchart showing the overall operation of the
differential-mode charge transfer amplifier;
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6

FIG. 6 1s a timing diagram of several waveforms used to
operate switches S1, S2 and S3 1 order to properly operate
the differential-mode charge transfer amplifier in accordance
with the present invention; and

FIG. 7 1s a timing diagram of several waveforms showing,
voltage states at various nodes of the differential-mode
charge transfer amplifier during operation.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

The 1nvention 1s described below by using diagrams to
1llustrate either the structure or processing of embodiments
used to implement the circuits and methods of the present
invention. Using the diagrams 1n this manner to present the
invention should not be construed as limiting of the scope of
the invention. A specific embodiment 1s described below 1n
order to facilitate an understanding of the general principles
of the present 1nvention. Various modifications and varia-
tions will be apparent to one skilled in the art after having
reviewed this disclosure.

FIG. 4 1llustrates a differential-mode charge transfer
amplifier 400 in accordance with the present invention. The
structure of FIG. 4 represents one example of a means for
producing an output differential voltage. The differential-
mode charge transfer amplifier 400 1ncludes two mirrored
CMOS charge transfer amplifiers. One CMOS charge trans-
fer amplifier 401 1s represented by the circuitry within the
dashed box, and the other CMOS charge transfer amplifier
402 1s represented by the circuitry within the dotted box.
Optionally, the differential-mode charge transfer amplifier
400 1includes a means for applying a differential voltage
between first and second input terminals. This means 1s
illustrated by the circuitry within the half-dotted and hali-
dashed box 403.

The CMOS charge transfer amplifiers 401 and 402 are

cach electrically structured similar to the CMOS charge
transter amplifier 300 shown 1n FIG. 3. Specifically, each
CMOS charge transfer amplifier includes an 1nput terminal
that 1s electrically connected to the gate of an nMOS and
pMOS transistor as illustrated 1n FIG. 3. For example, the
CMOS charge transfer amplifier 401 includes an 1input
terminal IN1 (hereinafter, “the first input terminal”) that is
clectrically connected to the gates of both the nMOS tran-
sistor MN1 and the pMOS ftransistor MP1. Similarly, the
CMOS charge transfer amplifier 402 includes an input
terminal IN2 (hereinafter, “the second input terminal™) that
1s electrically connected to the gates of both the nMOS

transistor MN2 and the pMOS transistor MP2.

Furthermore, each CMOS charge transfer amplifier has an
output terminal electrically coupled to a source or drain
terminal of a corresponding nMOS and pMOS transistor as
illustrated 1in FIG. 3. For example, the CMOS charge transfer
amplifier 401 has an output terminal OUT1 (hereinafter, “the
first output terminal”) connected to the source or drain
terminal of nMOS ftransistor MN1 and pMOS ftransistor
MP1. The CMOS charge transfer amplifier 402 has an
output terminal OUT2 (hereinafter, “the second output

terminal”) connected to the source or drain terminal of
nMOS transistor MN2 and pMOS transistor MP2.

The output terminal of each of the CMOS charge transfer
amplifiers are also capacitively coupled to a fixed voltage
such as ground as shown 1n FIG. 3. For example, the first
output terminal OUT1 1s coupled through a capacitor CO1
(hereinafter, “the first output capacitor™) to a fixed voltage
such as ground. The second output terminal OUT2 is
coupled through a capacitor CO2 (hereinafter, “the second




US 6,249,181 B1

7

output capacitor”) to a fixed voltage such as ground. Those
skilled 1n the art will recognize after reviewing this disclo-
sure that the amplifier 400 will operate with the output
terminals capacitively coupled through the capacitors CO1
and CO2 to any fixed voltage.

Each CMOS charge transter amplifier includes a “posi-
tive” terminal (1.e., node A' of FIG. 3) of a charge transfer
capacitor that 1s coupled through a switch S1 to a voltage
source Vdd, and through a switch /S1 to the source or drain
terminal of a pMOS transistor that 1s opposite the output
terminal. A “positive” terminal of the charge transfer capaci-
tor 1s defined as the terminal that 1s couplable through the
switch S1 to the voltage source Vdd. For example, the
CMOS charge transter amplifier 401 includes a positive
terminal (i.e., node D) of the charge transfer capacitor CT2
that 1s couplable to the voltage source Vdd through the
switch S1. The other CMOS charge transfer amplifier 402
includes a positive terminal (i.€., node B) of a charge transfer
amplifier CT1 that 1s couplable to the voltage source Vdd
through the switch S1.

Each CMOS charge transfer amplifier also includes a
“negative” terminal (i.e., node A in FIG. 3) that is couplable
to a voltage source Vss through a switch S1. A “negative”
terminal of the charge transfer capacitor means the terminal
that 1s couplable through the switch S1 to the voltage source
Vss. For example, the CMOS charge transfer amplifier 401
includes a negative terminal (i.e., node A) of the charge
transtfer capacitor CT1 that 1s couplable to the voltage source
Vss through the switch S1. The other CMOS charge transfer
amplifier 402 includes a negative terminal (i.¢., node C) of
the charge transfer capacitor CT2 that 1s couplable to the
voltage source Vss through the switch S1.

Although each CMOS charge transfer amplifier 401 and
402 are somewhat similar to the CMOS charge transfer
amplifier 300 of FIG. 3 1n the details described above, they
have significant differences from the CMOS charge transfer
amplifier 300. For example, in FIG. 3, the positive terminal
(i.e., node A') of the upper charge transfer capacitor CT, is
capacitively coupled through the upper charge transfer
capacitor CT,to the high voltage source Vdd. Similarly, the
negative terminal (i.e., node A) of the lower charge transfer
capacitor CT, 1s capacitively coupled through the lower
charge transfer capacitor CT, to the low voltage source Vss.

This 1s significantly different than the CMOS charge
transter amplifiers 401 and 402 of FIG. 4. Specifically, the
CMOS charge transfer amplifier 401 has a positive charge
transfer capacitor terminal (i.e., node D) that is capacitively
coupled through the charge transfer capacitor CT2 not to the
voltage source Vdd as 1n FIG. 3, but to the negative charge
transfer capacitor terminal (i.e., node C) of the other CMOS
charge transfer amplifier 402. Furthermore, the CMOS
charge transfer amplifier 401 has a negative charge transfer
capacitor terminal (i.e., node A) that is capacitively coupled
through the charge transfer capacitor CT1 not to the voltage
source Vss as in FIG. 3, but to the positive terminal (i.e.,
node B) of the other CMOS charge transfer amplifier 402.
This significant difference produces new and surprising
results as 1s demonstrated by the following description of the
operation of the differential-mode charge transfer amplifier

400.

FIG. 5 1s a flowchart of the overall operation of the
amplifier 400. The amplifier 400 operates 1n a cycle 500 that

includes a reset step 510, a precharge step 520, and an

amplily step 530. Each phase 1s implemented by the manipu-
lation of the switches S1, S2, S3, /S1 and /S3. FIG. 6
illustrates several timing signals S,, S, and S; used to
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operate corresponding switches S1, S2 and S3 1n order to
implement (a) the reset step, (b) the precharge step, and (¢)
the amplity step of FIG. 5. A high input signal S, S, or S,
indicates that the corresponding switch S1, S2 or S3 1is
closed, and a low 1nput signal S,, S, or S, 1indicates that the
corresponding switch S1, S2 or S3 1s open. Furthermore,
switch /S1 1s open if switch S1 1s closed, and vice versa.

Switch /83 1s open 1f switch S3 1s closed, and vice versa.

In the reset step 510, the first and second CMOS charge
transfer amplifiers 401 and 402 are reset. Specifically, the
switches of FIG. 4 have the configuration defined 1n Table 1.

TABLE 1
Switch Status
S1 Closed
/S1 Open
S2 Open
53 Open
/S3 Closed

With these settings, the first mnput terminal IN1 and the
second input terminal IN2 are coupled to a precharge voltage
Vg (act 511). The terminals of the charge transfer capaci-
tors (1.€., nodes A, B, C, and D) are isolated from transistors
MN1, MP2, MN2 and MP1, respectively, (act 512) thus
preventing static current flow in or through these transistors.
The 1solation of node A, B, C, and D from the transistors
during the reset phase improves the performance of the
amplifier 400, but 1s not essential for the operation of the

amplifier 400.

A low voltage of Vss 1s applied to the negative terminals
(i.e., nodes A and C) of each charge transfer capacitor CT1
and CT2 (act 5§13) and a high voltage of Vdd is applied to
the positive terminals (i.e., nodes B and D) of each charge
transfer capacitor CT1 and CT2 (act 514). The low voltage
Vss should be sufficiently low and the high voltage Vdd
should be sufficiently high so as to prevent memory from
carrying over from the amplify step of the previous cycle.

FIG. 7 illustrates wavelforms showing the voltage states at
node A, node B, node C, node D, the first output terminal
OUT1, and the second output terminal OUT2. These wave-
forms are shown with respect to (a) the reset step 510, (b) the
precharge step 520 and (c) the amplify step 530.

In the precharge step 520, the first and second CMOS
charge transfer amplifiers are precharged. Specifically, the
switches of FIG. 4 have the configuration defined 1n Table 2.

TABLE 2
Switch Status
S1 Open
/S1 Closed
S2 Closed
53 Open
/S3 Closed

During the precharge step 520, since the switch S2 1s
closed, the precharge voltage V., 1s asserted at the first

output terminal OUT1 and at the second output terminal
OUT2 (act 521). Also, switch /S1 is closed coupling the

transistors MN1, MP2, MN2 and MP1 to nodes A, B, C and
D, respectively (act 522). The switch S1 is opened thereby

decoupling nodes A, B, C and D from their respective reset
voltages Vss or Vdd (act 523).

The precharge voltage V., should be sufficient to pre-
charge the first and second CMOS charge transfer amplifi-
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ers. In other words, the precharge voltage V., should be
sufliciently high such that current passes from the output
terminals OUT1 and OUT2 through the corresponding
nMOS ftransistors MN1 and MN2 to the corresponding
nodes A and C. Furthermore, the precharge voltage V.,
should be sufficiently low such that current passes from the
nodes B and D through the corresponding pMOS transistors
MP2 and MP1 to the corresponding output terminals OUT2
and OUTI.

With the application of the precharge voltage V., to the
output terminals OUT1 and OUT2 and also the gates of the
transistors MN1, MP2, MN2 and MP1, current flows from
the output terminals OUT1 and OUT2 through the corre-
sponding nMOS transistors MN1 and MN2 to the corre-
sponding nodes A and C until the correspondmg nMOS
transistors are cutoff or substantially cutoff (act 524). In
addition, current flows from the nodes B and D through the
corresponding pMOS ftransistors MP2 and MP1 to the
corresponding output terminals OUT2 and OUT1 (act 525).

As 1llustrated 1n FIG. 7, during the precharge step, current
flows from the output terminals to nodes A and C causing
voltage at nodes A and C to rise, while current flow from
nodes B and D to the corresponding output terminals OUT2
and OUT1 causing the voltage at nodes B and D to drop.

In the amplify step 530, the first and second CMOS charge
transtfer amplifiers 401 and 402 are used to perform ampli-
fication. Specifically, the switches of FIG. 4 have the con-
figuration defined 1n Table 3.

TABLE 3
Switch Status
S1 Open
/S1 Closed
S2 Open
S3 Closed
/53 Open

The decoupling of the input terminals IN1 and IN2 from
the precharge voltage V., allows the mput terminals IN1
and IN2 to float. In addition, the closing of the switch S3
allows for the operation of the means 403 for applying a
differential voltage AV,,, between the input terminals IN1
and IN2. Specifically, the closing of the switch S3 means
that the voltage at node E will increase from V... to V..
A portion K, where K, 1s a constant less than 100%, of the
voltage difference (V,y—Ver) Will then pass though the
capacitor to the mput terminal IN1. This causes the ditfer-
ential input voltage AV, to be applied between the first
input terminal IN1 and the second input terminal IN2 (act
531). The differential voltage AV,,, applied between input
terminal IN1 and the input terminal IN2 would thus be
Ky (Vi Viesr):

The case where AV ,,;1s positive 1s now described. In this
case, the voltage at the gate terminal of nMOS transistor
MN1 (and pMOS transistor MP1) increases by AV,,,. This
gate voltage increase causes current to flow from the first
output terminal OUT1 to node A until the voltage at node A
increases by an amount substantially equal to the gate
voltage change AV,,,. This effect may be seen by comparing,
the stimulated voltage of V(A) verses the zero-signal V(A)
shown 1n FIG. 7. Since charge flows from the first output
terminal OUTI1, the voltage at the output terminal drops.
This effect may be seen 1 FIG. 7 by comparing the drop of
the stimulated V(OUT1) compared to the zero-signal
V(OUT1).

Since the voltage at node A increases by AV, the voltage
at node B also would tend to increase due to the capacitive
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coupling of node A and node B though the charge transfer
capacitor CT1. This causes current to flow from node B
through pMOS transistor MP2 to the second output terminal
OUT2 until the pMOS transistor MP2 again becomes cutofl
as node B gradually returns back to its original zero-signal
voltage. This effect may be seen 1n FIG. 7 by the stimulated
V(B) beginning to increase relative to the zero-signal V(B)
and then dropping back towards the zero-signal V(B).

The current flow from node B through pMOS ftransistor
MP2 causes the voltage at the second output terminal OUT2
to rise as represented 1n FIG. 7 by the rise of the stimulated
V(OUT2). The net result is that, in response to an input
voltage differential of AV,,, the voltage at the first output
terminal OUT1 decreases and the voltage at the second
output terminal OUT2 increases such that the output ditfer-
ential voltage V(OUT2)-V(OUT1) equals the input differ-
ential voltage AV,,, times the total gain. The total gain 1s
equal to the capacitance C,, of the first charge transfer
capacitor CT1 divided by the capacitance C, of the output
capacitors CO1 and CO2 times a sampling rate dependent
constant a that can vary between the approximate ranges of
1.3 and 1.9 depending on the sampling rate. This assumes
that the capacitance C,, of the first output capacitor CO1
equals the capacitance C,, of the second output capacitor

CO2 so that C,=C,,=C..

The case where AV, 1s negative 1s symmetric to the case
described above where AV, 1s positive. Specifically, the
voltage at the first mput terminal IN1 would decrease
thereby turning the pMOS transistor MP1 on to allow charge
to transfer from node D to the first output terminal OUT1
until the voltage at node D drops by AV,,.. This would cause
the voltage at the first output terminal OUT1 to increase. The
decreased voltage at node D would propagate through the
charge transfer capacitor C12 to node C. As the voltage at
node C begins to drop, charge will be drawn through the
nMOS ftransistor MN2 from the second output terminal
OUT2 thereby decreasing the voltage at the second output
terminal OUT2. Thus, when the voltage at IN1 increases,
V(OUT1) decreases while V(OUT2) increases. Similarly,
while the voltage at IN1 decreases, V(OUT1) increases
while V(OUT2) decreases.

The differential-mode charge amplifier 400 has many
advantages. One significant advantage 1s 1ts increased range
of linearity. A CMOS charge transfer amplifier such as
amplifier 300 of FIG. 3 has a range of linearity in which an
applied 1input voltage V., will produce a proportional output
voltage V ,,,according to the formula V. =-V, . (C./C,),
where C- 1s the capacitance of the charge transfer capacitor
CT and where C_, 1s the capacitance of the output capacitor

CO.

Beyond this range of linearity, the output voltage will not
be proportional to the input voltage, but will rather be
saturated at a value determined by a number of charge
transfer amplifier variables. When a positive input voltage 1s
applied to the CMOS charge transfer amplifier, the nMOS
fransistor turns on and charge transfer commences with
capacitor CT receiving charge from capacitor CO (see FIG.
3) until the nMOS transistor cuts off or the output terminal
(i.., the drain of the nMOS transistor) falls to a level at or
ncar the voltage at the source of the nMOS ftransistor.
Sufficiently large mnput signals will cause the output terminal
voltage to decrease such that the source-drain voltage of the
nMOS transistor 1s zero, at which point the charge transfer
ceases and the output node 1s said to be saturated.

The differential-mode charge transfer amplifier 400 has a
substantially increased range of linearity compared to the
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CMOS charge transfer amplifier 300 alone, or even com-
pared to a pair of independent, parallel CMOS charge
transfer amplifiers. In “independent, parallel CMOS charge
amplifiers”, one 1nput terminal from each CMOS charge
transfer amplifier would comprise the two ditferential input
terminals and one output terminal from each CMOS charge
transter amplifier would comprise the two differential output
terminals. In all other respects, the CMOS charge transfer

amplifiers would run independently. The pair of
independent, parallel CMOS charge transfer amplifiers

would essentially have the same range of linearity as a single
CMOS charge transfer amplidier.

In contrast, the differential-mode charge transfer amplifier
400 utilizes two modified CMOS charge transfer amplifiers
that interact with each other as described above. The inter-
action between the two modified CMOS charge transfer
amplifiers causes the mcreased range of linearity due to 1its
enhanced differential-mode of operation. Rather that pro-
ducing a wide voltage swing at one output terminal 1n
response to an input signal, the differential-mode charge
transfer amplifier produces voltage changes split approxi-
mately half and half between the two output terminals. This
orves the differential-mode charge transfer amplifier 400 a
significant advantage as a discrete-time analog signal ampli-

fier.

In addition to having an increased range of linearity, the
amplifier 400 also increases common-mode rejection due to
the symmetry of the amplifier 400. Common mode rejection
1s amount of common mode noise rejected. Common mode
noise 1s the undesired voltage change at the output terminals
OUT1 and OUT2 caused by the voltage at both input
terminals IN1 and IN2 changing together. For example, 1f
the voltage at the both input terminals IN1 and IN2 increases
by an 1denfical amount, there 1s very little differential
voltage change between the output terminal OUT1 and
OUT2. Increased common-mode rejection 1s accomplished
by maintaining a differential-mode signal path.

Furthermore, the voltage error Vo pnor 0L the output
voltage V(OUT2)-V(OUT1) is significantly reduced. In
addition, voltage error fluctuations due to temperature varia-
fions are reduced because the devices at one output will track
with, or vary with, the respective device at the other output.
For example, nMOS transistor MN1 tracks nMOS transistor
MN2, pMOS transistor MP1 tracks pMOS transistor MP2,
and so on. Since devices are matched with like devices, the
devices will experience similar leakage current characteris-
tics for any given temperature condition. Thus, the effects of
leakage current will be substantially offset compared to the
situation where devices are matched to dissimilar devices as

in FIG. 3 where nMOS transistor N1 1s match with a pMOS
transistor P1.

While the amplifier 400 eliminates a significant depen-
dence upon exact MOSFET device parameters such as
threshold voltage, matching parameters may play an impor-
tant role 1n the performance at high speeds where transistors
MN1, MN2, MP1 and MP2 may not enter the cutoff region
before the amplify phase begins as 1s the case with FIG. 7.
Thus, the offset voltage V... causing amplification
inaccuracies will increase with sampling speed at a rate
roughly proportional to the mismatch 1n device parameters.
Thus, for high-speed applications, the nMOS transistor MN1
parameters should be made to match the nMOS transistor
MN2 parameters, and the pMOS transistor MP1 parameters
should be made to match the pMOS transistor MP2 param-
cters.

An additional advantage of the present invention arises
out of the special connections of capacitors CT1 and CT2
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dynamically coupling signals of interest between amplifier
signal paths. Accordingly, the charge transfer operation is
now essentially processed by two charge transfer amplifiers.
This parallel signal path speeds up the charge transfer
process and therefore allows faster sampling rates without a
loss 1n gain or accuracy.

A practical application of the amplifier 400 1s in the
preamplifier stage coupling to a dynamic latch to form an
ciiicient voltage comparator. The comparator would then be
useful as a key building block for low-power analog-to-
digital converter systems. The resulting analog to digital
converter could achieve excellent precision due to the low
voltage error and increased common-mode rejection of the
amplifier 400. With a growing emphasis on mobile
clectronics, efficient and accurate converters are highly
practical for a variety of application. This 1s just one
practical application of the amplifier 400. The amplifier 400
may be used 1n any application where low-power, high-
precision differential-mode amplification 1s desired.

The present invention may be embodied 1n other specific
forms without departing from 1its spirit or essential charac-
teristics. The described embodiments are to be considered 1n
all respects only as 1llustrative and not restrictive. The scope
of the invention 1is, therefore, indicated by the appended
claims rather than by the foregoing description. All changes
which come within the meaning and range of equivalency of
the claims are to be embraced within their scope.

What 1s claimed and desired to be secured by United
States Letters Patent 1s:

1. A differential-mode charge transfer amplifier for pro-
ducing a differential output voltage on first and second
output terminals that 1s substantially proportional to a dif-
ferential mput voltage applied between first and second
input terminals, the differential mode charge transfer ampli-
fier comprising the following:

a first CMOS charge transfer amplifier having the first
input terminal as an mput terminal and having the first
output terminal as an output terminal;

a second CMOS charge transfer amplifier having the
second 1nput terminal as an 1nput terminal and having
the second output terminal as an output terminal,

wherein a negative charge transfer capacitor terminal of
the first CMOS charge transfer amplifier 1s capacitively
coupled through a first charge transfer capacitor to a
positive charge transier capacitor terminal of the sec-
ond CMOS charge transfer amplifier,

wherein a positive charge transfer capacitor terminal of
the first CMOS charge transter amplifier 1s capacitively
coupled through a second charge transfer capacitor to a
negative charge transfer capacitor terminal of the sec-
ond CMOS charge transter amplifier, wherein the
differential-mode charge transfer amplifier further
COMPIISES:

a first nMOS ftransistor configured to transfer charge
between the negative terminal of the first charge trans-
fer capacitor and the first output terminal; and

a second nMOS ftransistor configured to transfer charge
between the negative terminal of the second charge
transfer capacitor and the second output terminal.

2. The differential-mode charge transfer amplifier as
recited 1n claim 1, wherein a parameter of the first nMOS
transistor closely matches a parameter of the second nMOS
transistor.

3. The differential-mode charge transfer amplifier as
recited 1n claim 2, wherein the parameter includes a thresh-
old voltage.
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4. A differential-mode charge transfer amplifier for pro-
ducing a differential output voltage on first and second
output terminals that 1s substantially proportional to a dif-
ferential 1nput voltage applied between first and second
input terminals, the differential mode charge transfer ampli-
fier comprising the following:

a first CMOS charge transfer amplifier having the first
input terminal as an input terminal and having the first
output terminal as an output terminal;

a second CMOS charge transfer amplifier having the
second 1mput terminal as an 1nput terminal and having
the second output terminal as an output terminal,

wherein a negative charge transfer capacitor terminal of
the first CMOS charge transfer amplifier 1s capacitively
coupled through a first charge transfer capacitor to a
positive charge transfer capacitor terminal of the sec-
ond CMOS charge transfer amplifier,

wherein a positive charge transfer capacitor terminal of
the first CMOS charge transfer amplifier 1s capacitively
coupled through a second charge transfer capacitor to a
negative charge transfer capacitor terminal of the sec-
ond CMOS charge transtfer amplifier, wherein the
differential-mode charge transfer amplifier further
COmMprises:

a first pMOS ftransistor configured to transfer charge
between the positive terminal of the second charge
transfer capacitor and the first output terminal; and

a second pMOS transistor configured to transfer charge
between the positive terminal of the first charge transfer
capacitor and the second output terminal.

5. The differential-mode charge transfer amplifier as
recited 1n claim 4, wherein a parameter of the first pMOS
transistor closely matches a parameter of the second pMOS
transistor.

6. The differential-mode charge transfer amplifier as
recited 1n claim 5§, wherein the parameter includes a thresh-
old voltage.

7. A differential-mode charge transfer amplifier, further
comprising:

first and second 1nput terminals;

first and second output terminals; and

means for producing a differential output voltage between
the first and second output terminals that 1s substan-
tially proportional to a differential input voltage applied
between the first and second 1nput terminals, wherein
the means for producing a differential output voltage

COmMPrises:

a first CMOS charge transfer amplifier having the first
input terminal as an input terminal and having the
first output terminal as an output terminal; and

a second CMOS charge transfer amplifier having the
second 1mput terminal as an mput terminal and hav-
ing the second output terminal as an output terminal,

wherein a negative charge transfer capacitor terminal of
the first CMOS charge transfer amplifier 1s capacitively
coupled through a first charge transfer capacitor to a
positive charge transier capacitor terminal of the sec-
ond CMOS charge transfer amplifier, and

wherein a positive charge transfer capacitor terminal of
the first CMOS charge transfer amplifier 1s capacitively
coupled through a second charge transfer capacitor to a
negative charge transfer capacitor terminal of the sec-
ond CMOS charge transfer amplifier, wherein the
differential-mode charge transfer amplifier further
COmprises:
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a first nMOS transistor configured to transfer charge
between the negative terminal of the first charge
transfer capacitor and the first output terminal; and

a second nMOS transistor configured to transfer charge
between the negative terminal of the second charge
transfer capacitor and the second output terminal.

8. A differential-mode charge transfer amplifier, further
comprising:

first and second 1nput terminals;

first and second output terminals; and

means for producing a differential output voltage between
the first and second output terminals that 1s substan-
tially proportional to a differential input voltage applied
between the first and second 1nput terminals, wherein
the means for producing a differential output voltage

COMPIISES:

a first CMOS charge transfer amplifier having the first
input terminal as an mput terminal and having the
first output terminal as an output terminal; and

a second CMOS charge transfer amplifier having the
second 1nput terminal as an mput terminal and hav-
ing the second output terminal as an output terminal,

wherein a negative charge transfer capacitor terminal of
the first CMOS charge transfer amplifier 1s capaci-
tively coupled through a first charge transfer capaci-
tor to a positive charge transfer capacitor terminal of
the second CMOS charge transfer amplifier, and

wherein a positive charge transfer capacitor terminal of
the first CMOS charge transfer amplifier 1s capaci-
tively coupled through a second charge transfer
capacitor to a negative charge transfer capacitor
terminal of the second CMOS charge transfer
amplifier, wherein the differential-mode charge
transfer amplifier further comprises:

a first pMOS transistor configured to transfer charge
between the positive terminal of the second charge
transfer capacitor and the first output terminal; and

a second pMOS ftransistor configured to transfer
charge between the positive terminal of the first
charge transfer capacitor and the second output
terminal.

9. In a differential-mode charge transfer amplifier that
includes first and second CMOS charge transfer amplifiers
having first and second 1nput terminals and first and second
output terminals, respectively, wherein a positive charge
transfer capacitor terminal of the first CMOS charge transfer
amplifier 1s capacitively coupled to a negative charge trans-
fer capacitor terminal of the second CMOS charge transfer
amplifier, and wherein a negative charge transfer capacitor
terminal of the first CMOS charge transfer amplifier is
capacifively coupled to a positive charged transfer capacitor
terminal of the second CMOS charge transfer amplifier, a
method for producing a differential output voltage between
the first and second output terminals that 1s substantially
proportional to a differential input voltage applied between
the first and second input terminals, the method comprising
the following:

during a reset phase, a specific act of asserting a low
voltage at the negative charge transfer capacitor termi-
nal of each of the first and second CMOS charge
transfer amplifiers, wherein the low voltage 1s sufli-
ciently low so as to prevent memory from one cycle to
the next;

during a reset phase, a specific act of asserting a high
voltage at the positive charge transfer capacitor termi-
nal of each of the first and second charge transfer
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amplifiers, wherein the high voltage 1s sufficiently high
SO as to prevent memory from one cycle to the next;

during a precharge phase, a specific act of asserting a
precharge voltage at the first and second output
terminals, the precharge voltage being sufficient to
precharge the first and second charge transter
amplifiers, wherein the specific act of asserting a pre-
charge voltage comprises the following:

a specific act of closing a switch between the positive
charge transfer capacitor terminal of the first CMOS
charge transfer amplifier and a first pMOS transistor
configured to transier charge between the positive
charge transfer capacitor terminal of the first CMOS
charge transfer amplifier and the first output termai-
nal;

a specific act of closing a switch between the negative
charge transfer capacitor terminal of the first CMOS
charge transfer amplifier and a first nMOS transistor
configured to transfer charge between the negative
charge transfer capacitor terminal of the first CMOS
charge transfer amplifier and the first output termi-
nal;

a specific act of closing a switch between the positive
charge transfer capacitor terminal of the second
CMOS charge transfer amplifier and a second pMOS
transistor configured to transfer charge between the
positive charge transfer capacitor terminal of the
seccond CMOS charge transfer amplifier and the
second output terminal; and

a specific act of closing a switch between the negative
charge ftransfer capacitor terminal of the second
CMOS charge transter amplifier and a second nMOS
transistor configured to transfer charge between the
negative charge transfer capacitor terminal of the
seccond CMOS charge transfer amplifier and the
second output terminal; and

during an amplify phase, a specific act of applying the
differential input voltage between the first and second
input terminals, wherein the differential output voltage
1s produced between the first and second output termi-
nals.

10. The method as recited in claim 9, wherein the speciiic
act of applying the differential input voltage 1s performed
using a means for applying an input differential voltage.

11. In a differential-mode charge transfer amplifier that
includes first and second CMOS charge transter amplifiers
having first and second input terminals and first and second
output terminals, respectively, wherein a positive charge

10

15

20

25

30

35

40

45

16

transfer capacitor terminal of the first CMOS charge transfer
amplifier 1s capacitively coupled to a negative charge trans-
fer capacitor terminal of the second CMOS charge transfer
amplifier, and wherein a negative charge transfer capacitor
terminal of the first CMOS charge transfer amplifier is
capacitively coupled to a positive charged transter capacitor
terminal of the second CMOS charge transfer amplifier, a
method for producing a differential output voltage between
the first and second output terminals that 1s substantially
proportional to a differential input voltage applied between
the first and second mput terminals, the method comprising
the following:

a step for resetting the first and second CMOS charge
transfer amplifiers, wherein the step for resetting com-
prises a specilic act of asserting a low voltage at the
negative charge transfer capacitor terminal of each of
the first and second CMOS charge transfer amplifiers,
wherein the low voltage 1s sufficiently low so as to
prevent memory from one cycle to the next;

a step for precharging the first and second CMOS charge
transfer amplifiers;

during an amplify phase, a specific act of applying the
differential mput voltage between the first and second
input terminals, wherein the differential output voltage
1s produced between the first and second output termi-
nals.
12. The method as recited in claim 11, wherein the step for
resetting further comprises the following:

a specific act of asserting a high voltage at the positive
charge transier capacitor terminal of each of the first
and second CMOS charge transfer amplifiers, wherein
the high voltage 1s sufliciently high so as to prevent

memory from one cycle to the next.
13. The method according to claim 11, wherein the step

for precharging comprises the following:

a speciiic act of asserting a precharge voltage at the first
and second output terminals, the precharge voltage
being suflicient to precharge the first and second charge

transfer amplifiers.
14. The method according to claim 11, wherein the step

for amplifying comprises the following:

™

a specific act of applymng the differential input voltage
between the first and second 1nput terminals, wherein
the differential output voltage 1s produced between the
first and second output terminals.
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